Abstract This study shows how a combination of denitrification and pesticide removal is possible. A reactor with granulated poly-e-caprolactone (PCL) was operated in an upflow-mode with nitrate and a-endosulfan containing water. The polymer was used as a substrate for denitrification and simultaneously as sorbent for the pesticide a-endosulfan. The experiments showed that nitrate was removed at high denitrification rates and without accumulation of nitrite. a-endosulfan, which was added to the influent, was not found in the effluent. Doubts that the pesticide could interfere with the biological process were not justified here.
Introduction
Ground and surface water as resource for drinking water production is susceptible to deterioration by the use of fertilizers and pesticides in agriculture. The EU drinking water guidelines (1998) and the WHO (2004a, b) recommend limits for nitrate (50 mg/L). Pesticide concentrations for a single species in drinking water shall not exceed 0.1 mg/L. Especially from developing countries it is known that high quantities of pesticides (such as endosulfan) are required to fight against insects and other pests. In many regions, pesticide and nitrate contamination is a problem. Therefore, experiments were conducted for the development of a simple and low technology process for denitrification and pesticide elimination, which should also be suitable for developing countries.
In the field of heterotrophic denitrification processes for water treatment, the use of biodegradable polymers as carbon source is shown to have several advantages. In traditional processes, the application of soluble organic substrates, e.g. ethanol, is combined with the installation of complex control and dosing equipments. In contrast to these conventional treatment units, denitrification with biodegradable polymers presented here is a simple process. Microorganisms use the biopolymer in the form of pellets as biofilm carrier and simultaneously as water insoluble carbon source for denitrification, which is accessible only by enzymatic attack (Müller et al., 1992) . In water treatment for aquaculture purposes the use of poly-e-caprolactone (PCL, see Figure 1 ) as solid substrate for denitrification in a fluidized bed reactor has been investigated with success (Boley et al., 2000) .
The pesticide endosulfan (Figure 1 ) is used as an insecticide (also as an acaricide). It is toxic for animals and aquatic organisms and has potentially endocrine disrupting effects (Tomlin, 1994 , Verschueren, 1996 . The chemical is included in the EU priority list of organic micro pollutants (EU Water Framework Directive, 2000) , but is still largely used in many regions of the world. Endosulfan is usually applied as a mixture of two stereo isomers; a-and b-endosulfan. Weil and Quentin (1970) reported that organic substances contaminating water resources can be eliminated by sorption with polymers. Batch experiments for sorption of endosulfan by PCL showed a good performance for several pesticides and especially for endosulfan (Gremm et al., 2001; Deger, 2005) . In lab-scale fixed bed reactors the combination of nitrate elimination and pesticide sorption by PCL was reported to be feasible (Boley et al., 2003) .
The study presented here was carried out to examine the long-term stability of denitrification and a-endosulfan sorption (more than 200 days). The interesting point here is to observe how the a-endosulfan behaved when the PCL-granules diminished in size by performing a mass balance for a-endosulfan in the remaining PCL. After 304 days operation as denitrification reactor an a-endosulfan solution (0.21 mg/L) was added into the influent with an inline static mixer. The influent concentration of endosulfan was kept in a close range of 1-2 mg/L. Previous experiments have shown how difficult it is to maintain constant concentrations of a-endosulfan in the influent to the reactor, because the solubility of a-endosulfan in water is low and it takes a long time until the equilibrium of a solution is reached. Therefore, for the dosing solution a small amount of a-endosulfan stock solution in acetone was added to a 10 L bottle with tap water and stirred 24 hours before its use for dosing. The weight of the bottle before and after a dosing period was measured. With this procedure it was possible to maintain the pesticide concentration in the influent of the reactor in a close range.
The use of pesticides required special equipment in order to avoid sorption of pesticides on tubing, pump-heads and vessels. Therefore mainly glass, and in some cases PTFE (fittings, pumps) was used.
Analysis
Determination of a-endosulfan in water (Deger et al., 2003) : clean-up using SPME (Supelco, PDMS) and GC-MS (HP GC 5890 -MSD 5970, 0.25 mm, HP 5 ms, ID 0.25 mm). Nitrate, nitrite, phosphate, ammonia, iron: photometric analysis (Dr. Lange cuvette tests). a-Endosulfan concentration in the influent and effluent of the reactor was checked from time to time. Determination of a-endosulfan in PCL: carried out by Ayse Deger (Deger, 2005) .
Results and discussion
After 3 weeks of operation denitrification had started. In the first period the nitrate concentration of the effluent was low, which means that the performance of the reactor was not fully utilized. When the influent nitrate concentrations were then increased, the denitrification rates also increased. In these tests relative high denitrification rates of 50-70 mg/(m 2 h) within the temperature range (15.3^1.4 8C) were reached. These results were also obtained with former short-term tests (only 30 days) with higher concentrations of a-endosulfan (Boley et al., 2003) . When a-endosulfan addition was started after 304 days the denitrification rates remained at high levels (see Figure 3 ). Due to this fact it can be concluded that denitrification performance was not affected by the addition of a-endosulfan. As we could not exclude that the acetone, which served as solvent for the a-endosulfan stock solution, could act as additional substrate for denitrification, the acetone concentration was then reduced with constant a-endosulfan concentration in the influent from initially 8 mg/L to 1 mg/L after 356 days. A stoichiometric estimation of the maximum denitrification rate, assuming all acetone added to be used for denitrification, resulted in a value of 5-10 mg/ (m 2 h) in the first period, after change of acetone concentration, at day 356, it was below 1 mg/(m 2 h), with a negligible contribution to the denitrification rates.
In the first period after the start of a-endosulfan addition no a-endosulfan in the effluent was detectable, whereas after 517 days, when the fixed bed height of the fixed bed was reduced to 0.9 m, the endosulfan concentration was above the limit of detection (0.09 mg/L see Figure 4 ).
With sampling points located at different heights of the column, it was possible to determine concentration profiles and to follow the evolution of the a-endosulfan concentration along the height of the fixed bed ( Figure 5 ). With determination of nitrate and nitrite and a-endosulfan it was possible to demonstrate the simultaneousness of denitrification and a-endosulfan elimination with PCL. A second profile, measured at the end of the experiments, showed the impact of the exhaustion of the PCL, because the fixed bed height had decreased at this time to 60 cm ( Figure 5 ). Another important aspect of the process is the question where the a-endosulfan remained. Polymer samples were drawn from different heights of the reactor and concentrations of a-endosulfan were measured. An average concentration of 34 mg a-endosulfan/g PCL was found at the end of the experiment. Taking into consideration that the PCL was consumed by the microorganisms, assuming that the total amount of a-endosulfan was sorbed by the polymer and assuming that the pesticide would be equally distributed over the column, a rough estimation of the expected concentration results in a concentration of 21 mg a-endosulfan/g PCL. Therefore, it can be assumed that the pesticide was totally sorbed by the PCL and no biodegradation took place.
Conclusions
The evaluation of the experiments has shown that denitrification rates in a granular PCLfixed-bed reactor are not affected by the addition of a-endosulfan. These results were confirmed by the reactor profiles. It can be concluded that with progress of time, the sorption capacity of the reactor was decreased due to bacterial consumption of PCL, and also the increasing amount of a-endosulfan already sorbed.
